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Abstract
Isomers in near-spherical Z=51, antimony isotopes are reported here for the first time using
fusion-fission reactions between 27Al and a pulsed 178Hf beam of energy 1150 MeV. Gamma rays
were observed from the decay of isomeric states with half-lives, T1/2 = 200(30) and 52(3) µs, and
angular momenta I= (25
2
) and Ipi=23
2
+
, in 121,123Sb, respectively. These states are proposed to
correspond to ν(h 11
2
)2 configurations, coupled to an odd d 5
2
or g 7
2
proton. Nanosecond isomers
were also identified at Ipi = 19
2
−
(T1/2 = 8.5(5) ns) in
121Sb and Ipi=(15
2
−
) (T1/2 = 37(4) ns) in
123Sb. Information on spins and parities of states in these nuclei was obtained using a combination
of angular correlation and intensity-balance measurements. The configurations of states in these
nuclei are discussed using a combination of spin/energy systematics and shell-model calculations
for neighboring tin isotones and antimony isotopes.
PACS numbers: 23.20.Lv, 23.20.En, 25.70.Jj, 27.60.+j
∗Corresponding author: G.Jones@Surrey.ac.uk
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I. INTRODUCTION
Nuclei near closed shells represent an excellent opportunity to probe important facets of
nuclear structure. Nuclides close to the Z=50 shell closure are particularly good for such
investigations, due to the experimental accessibility of many Z=50, tin nuclei across the
N=50–82 shell. Of recent interest in this region is the energy evolution of spherical proton
orbitals with increasing neutron excess, particularly pid 5
2
, pig 7
2
and pih 11
2
[1, 2]. These effects
are best explored in antimony nuclei, with one proton outside a Z=50 core. One of the first
indications of this orbital evolution came from the observation of a change in the ground-
state quantum number for antimony nuclei, from Ipi=5
2
+
in 121Sb to 7
2
+
in 123Sb [3]. The
energy difference between the first excited 5
2
+
and 7
2
+
states changes by nearly 1.5 MeV in
odd-A antimony nuclei from 117≤A≤133, interpreted as a decrease in energy of the pig 7
2
orbital relative to pid 5
2
state [1]. This change in energy difference has been interpreted as a
signature for the presence of a strong tensor force [4], or a decreasing spin-orbit interaction
for the d 5
2
, g 7
2
and h 11
2
levels with increasing neutron excess [1, 2]. These are both consistent
with an empirical reduction in relative energy between the g 7
2
and h 11
2
proton orbitals, which
changes by ∼2 MeV over odd-A antimony nuclei with 117≤A≤133 [1, 2].
Nuclei near closed-shell boundaries are also a good place to simultaneously study both
collective and multi-particle excitations. Strongly-coupled rotational structures, built upon
pih 11
2
intruder and pi
(
g 9
2
)
−1
excitations, are observed in odd-A antimony nuclei with
113 ≤A≤121 [5–8]. As the neutron number increases and the closed N=82 shell is ap-
proached, however, the excitation energy of these deformed states increases, and the ro-
tational bands are no longer yrast; the pi 9
2
[404] state becomes non-yrast in 123Sb (N=72),
increasing in energy to Ex=1337 keV [9, 10]. This simplifies the picture dramatically, since
all states can be interpreted as spherical single or multi-particle excitations. In particular,
many states can be described in terms of those observed in tin nuclei, coupled to an extra
proton [11, 12]. Nevertheless, the many valance particles make it difficult to perform de-
tailed shell-model calculations, and comprehensive experimental data provide a benchmark
against which to test the development of appropriate theoretical descriptions.
This report describes the identification of states in 121,123Sb from the decay of previously
unreported isomeric states.
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II. EXPERIMENTAL PROCEDURE
The experiment was performed at Argonne National Laboratory using the Argonne Tan-
dem Linear Accelerator System (ATLAS), which delivered a 178Hf beam onto a 208Pb target
at a laboratory energy of 1150 MeV, in order to study long-lived isomeric states in hafnium-
like nuclei (presented in Ref. [13]). This article reports upon results obtained from incidental
fusion-fission reactions between the 178Hf projectiles and a 27Al frame supporting the 208Pb
target. Fission of the 205At compound nucleus populated nuclei with large yields, from 34Se
to 54Xe. The resulting γ-ray decays from all reaction products were measured using the
Gammasphere array [14], comprising of 101 Compton-suppressed germanium detectors in
this experiment. The beam was bunched into short pulses of width ∼0.5 ns, separated by pe-
riods of 82.5 ns. This pulsing was utilized to deliver short and long pulsed beam conditions,
enabling the study of metastable states in the 10−9 →10−4 s range. In the short-pulsing
experiment, 1 out of 10 beam pulses was incident upon the target, resulting in a 825 ns
inspection period within which delayed γ-ray decays could be studied. Events where two or
more coincident γ rays were detected within a 2 µs range were written to tape for subsequent
off-line analysis. In the long-pulsing measurement, a 25 µs beam-on period preceded a 75
µs beam-off period during which the data acquisition system was triggered by single γ-ray
events and time stamped using an external 10 MHz oscillator clock. Great care was taken
to calibrate the HPGe detectors for γ-ray energy measurements, using a number of γ-ray
sources.
III. DATA ANALYSIS
The nature of the fusion-fission reaction process leads to the detection of a large number
of γ rays emitted from excited states in a broad range of nuclei, resulting in a highly complex
data set. Due to this level of complexity, it was necessary to utilize multi-dimensional γ-ray
coincidence techniques to correlate decays associated with particular nuclides. A number of
coincidence cubes corresponding to different γ-ray time and energy coincidence conditions
were created for both the short-pulsing and long-pulsing experiments. These were analyzed
with software packages described in Refs. [15–17].
A combination of the high statistics obtained in this experiment and the high granu-
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larity of the Gammasphere detector array allow for a γ-γ angular correlation analysis to
be performed on pairs of coincident transitions from the decay of isomeric states. Each of
the detectors in the Gammasphere array is associated with angles (θ,φ) with respect to the
orientation of the beam axis. Pairs of γ-ray coincidence events (Eγ1 , Eγ2) were placed into
symmetric matrices according to the angle between the detectors, δ, expressed by cos δ =
cos (φ2 − φ1) × sin θ1 sin θ2 + cos θ1 cos θ2 [18]. The detector pairs were grouped into eleven
bins with average angular differences of δ¯ = 22◦, 40◦, 54◦, 66◦, 76◦, 90◦, 104◦, 114◦, 126◦, 140◦
and 158◦, each with 350 <N< 700 combinations. The groups were chosen in order to evenly
spread the number of detector combinations over a range of cos2(δ) values. The intensity
of a given transition pair was measured for each of the groupings using the symmetric ma-
trices, and normalized with the relative efficiency of the detector pairs. Angular-correlation
coefficients (Akk) were obtained from a fit to the intensities of the γ-γ(δ) coincidence events,
to the function:
W (δ) = 1 + A22P2(cos δ) + A44P4(cos δ) (1)
where P2 and P4 are Legendre polynomials. Values of Akk were compared with those calcu-
lated, using the procedure described in Ref. [19].
IV. RESULTS
A. 121Sb
Transitions from the decay of a previously unobserved microsecond isomer were identified
in the long-pulsing experiment. Gamma rays from the decay of states in 121Sb were identified
in projections of double coincidence gates placed on γ rays from Ref. [11]. The updated
level scheme from the analysis of this experiment is illustrated in Fig. 1; three states at
energy, Ex=2057.1, 2150.3 and 2551.2 keV are reported for the first time. Table I provides a
summary of all 121Sb transitions observed in the measurement; asterisks (∗) indicate transi-
tions observed for the first time. The relative γ-ray intensities were established from spectra
under different double gating conditions.
Two distinctly different structures are present in the level scheme of Fig. 1, linked by
low intensity transitions. The structure on the left side is the rotational band built upon
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FIG. 1: Level scheme for transitions in 121Sb, observed in the long-pulsing experiment from the
decay of a T1/2=200(30) µs isomer. Widths of arrows indicate the intensity of particular γ-ray
decays.
the pi 9
2
[404] orbital [8], also observed in lighter odd-A antimony isotopes with 113≤A≤119
[5–8]. The spins and parities of these states are assigned accordingly. The order of states on
the right side of Fig. 1 is indicative of non-collective, single and multi-particle excitations.
Figure 2(a) provides the time projection from several γ−γ gates on transitions following
the decay of the microsecond isomer. The half-life was measured to be T1/2=200(30) µs.
Spectra illustrating γ rays observed in the rotational and single-particle decay structures are
provided in Figs. 2(b)-(e).
The observation of the 41 keV transition (illustrated in Fig. 2(b)), which approaches the
low-energy detection limit of Gammasphere, is a valuable link between the rotational band
and the 2721.1 keV state. This 41 keV transition has a measured γ-ray intensity 13(8) times
smaller than the 323 keV transition in the projection of a sum of double gates between the
359 keV and 348, 328, 375, and 910 keV transitions. The difference between these γ-ray
intensities indicates a conversion coefficient of αtot=12(8) for the 41 keV transition, which
is consistent with M1 multipolarity. This evidence suggests a spin and parity of Ipi=21
2
+
for
the Ex=2721.1 keV state. Intensity-balance measurements of this kind were used to infer
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TABLE I: Transitions observed in 121Sb from the T1/2=200(30) µs isomer in the long-pulsing
experiment. Relative intensity measurements are provided for γ-ray decays in the rotational (Iγ(R))
and single particle structures (Iγ(S)) on the left and right side of Fig. 1, respectively. The
normalized ratio of the rotational to single-particle structure intensities is 0.7(1). Transitions
observed for the first time are marked with asterisks (∗).
Eγ (keV) Ei (keV) Ef (keV) J
pi
i J
pi
f Iγ(R) Iγ(S)
41.1(5)∗ 2721.1 2679.8 21/2+ 19/2+ 5.0(9) -
77.9(3)∗ 2434.3 2356.7 19/2− 17/2+ 9.4(10) -
85.3(3)∗ 2142.0 2057.1 15/2− 13/2+ - 18(2)
117.4(3)∗ 2551.2 2434.3 (21/2−,19/2−) 19/2− - 2.5(3)
144.3(5)∗ 2142.0 1997.7 15/2− 15/2+ <1 <1
170.3(3)∗ 2721.1 2551.2 21/2+ (21/2−,19/2−) - 4.0(5)
282.2(3) 1426.8 1144.6 11/2− 9/2+ - 23(3)
287.8(4) 1426.8 1139.4 11/2− (11/2+) - 6.9(9)
286.8(3) 2721.1 2434.3 21/2+ 19/2− 13.3(14) 100
292.3(3) 2434.3 2142.0 19/2− 15/2− 3.9(5) 98(9)
323.1(3) 2679.8 2356.7 19/2+ 17/2+ 53(5) -
327.8(3) 1649.8 1321.9 13/2+ 11/2+ 70(7) -
348.0(3) 1997.7 1649.8 15/2+ 13/2+ 84(9) -
359.0(3) 2356.7 1997.7 17/2+ 15/2+ 58(6) -
375.0(3) 1321.9 947.0 11/2+ 9/2+ 98(10) -
391.2(3) 1426.8 1035.5 11/2− 9/2+ - 43(5)
400.9(4)∗ (2551.2) (2150.3) (21/2−,19/2−) (17/2) - 5.8(7)
(409.3(6))∗ 2551.2 2142.0 (21/2−,19/2−) 15/2− - 1.7(4)
(479.4(4))∗ 1426.8 947.0 11/2− 9/2+ - <1
492.4(4)∗ 2142.0 1649.8 15/2− 13/2+ 3.0(4) 1.4(4)
675.8(3) 1997.7 1321.9 15/2+ 11/2+ 23(3) -
682.0(3) 2679.8 1997.7 19/2+ 15/2+ 20(2) -
702.9(3) 1649.8 947.0 13/2+ 9/2+ 20(2) -
707.1(3) 2356.7 1649.8 17/2+ 13/2+ 21(2) -
715.2(3) 2142.0 1426.8 15/2− 11/2− - 72(7)
909.8(3) 947.0 37.2 9/2+ 7/2+ 100 -
912.7(4)∗ 2057.1 1144.6 13/2+ 9/2+ - 3.7(5)
917.8(4)∗ 2057.1 1139.4 13/2+ (11/2+) - 9.3(10)
947.0(4) 947.0 0.0 9/2+ 5/2+ 11.7(14) -
998.3(4) 1035.5 37.2 9/2+ 7/2+ - 51(5)
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FIG. 2: (color online) Panel (a) gives the time evolution of the T1/2=200(30) µs isomer in
121Sb,
measured using summed double coincidence gates on all transitions. Panels (b)-(e) provide double-
gated spectra; gates are given in parenthesis ({x}{y}) for each, except panel (b) which is a sum of
double gates on all transitions in the rotational sequence of Fig. 1. Panel (f) illustrates the γ-ray
time difference between the 287 and 292 keV transitions; the half-life is measured to be T1/2=8.5(5)
ns using a folded Gaussian plus exponential fit. The dashed line is the prompt Gaussian used in
the fit (FWHM=30(3) ns). Contaminants from 204Pb are indicated by asterisks (∗). See text for
further details.
other transition multipolarities, as summarized in Table II.
Gamma-gamma angular correlation measurements were performed for pairs of transitions
in order to gain an independent spin/parity assessment of the Ex=2721.1 keV state. Figure
3 presents angular correlation measurements for a selection of transition pairs in 121Sb, also
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summarized in Table III. Data are fitted using Equ. 1. These measurements are based on
the E2, 1145 keV transition [20] as a primary gate; they are also consistent with the M1+E2,
998 keV γ-ray mixing ratio published in Ref. [20]. The spins and parities of the states on
the right side of Fig. 1 are assigned on the basis of γ-γ angular correlations and intensity
balance measurements. The angular correlation measurements provide additional evidence
for the Ipi=21
2
+
spin/parity of the Ex=2721.1 keV state.
It is unlikely that the Ex=2721.1 keV level is the origin of the long, T1/2=200 µs half-life.
The Weisskopf single-particle transition rates for the 287 and 41 keV γ-ray decays, from an
isomeric state with T1/2=200 µs, are B(E1) = 3.5× 10
−11 and B(M1) = 6.8× 10−8 W.u.,
respectively. These are inconsistent with transition rates observed systematically [21] by at
least four orders of magnitude. It follows that to account for the isomeric half-life another
level must exist that decays to the Ex=2721.1 keV state via an unobserved, low-energy,
highly converted transition, expressed by ∆ in Fig. 1. By considering typical Weisskopf
transition rates [21], the efficiency of Gammasphere and the magnitude of the internal con-
version process, the energy and multipolarity of ∆ can be restricted to E∆(E2)<60 keV or
E∆(M2)<80 keV. Based on these limitations, the Ex = 2721.1 + ∆ keV state is tentatively
assigned spin I=
(
25
2
)
.
A number of previously unobserved γ rays, shown in Fig. 2(c), reveal the existence of a
state at Ex=2057.1 keV. The 85 keV transition is in coincidence with 1022, 918 and 913 keV
γ rays, which decay to the Ex=1035.5, 1139.4 and 1144.6 keV states, respectively. Intensity
balance measurements, summarized in Table II, indicate E1 multipolarity for the 85 keV γ
ray; the Ex=2057 keV level is assigned a spin/parity of I
pi=13
2
+
.
A state with energy Ex=2551.2 keV is inferred from the observation of 117 and 170 keV
γ rays (see spectra in Figs 2(d) and (e)). The tentative 409 keV transition to the Ex=2142.0
keV level, illustrated in Fig. 2(e), suggests the ordering of the 117 and 170 keV γ rays.
Using intensity balance arguments, summarized in Table II, the 117 and 170 keV γ rays are
provided with M1 and M1 or E1 multipolarity, respectively. This information indicates a
spin/parity of Ipi=
(
21
2
−
)
or
(
19
2
−
)
for the Ex=2551.2 keV state.
A 401 keV γ ray has been observed in coincidence with the 170 keV transition, and in
anti-coincidence with the 117, 292 and 287 keV lines. The spectrum in Fig. 2(e) shows
coincidences between the 401 and 170, 391, 715 and 998 keV transitions. The coincidence
between the 401 and 715 keV γ rays implies that the 401 keV transition should be placed
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TABLE II: Experimental internal conversion coefficient measurements, αtot, compared with calcu-
lated values for transitions, γ1, of energy Eγ1.
Nucleus Eγ1 Gate Eγ2, Eγ3... αtot (exp.) αtot (the.) [22] Assignment
(keV) (keV) E1 M1 E2 M2 E3 (Eγ1)
121Sb 41 {359}{348,328,375,910} 323(M1) 12(8) 2 8 43 198 2140 M1(+E2)
{910,375,328,348} 323(M1),682(E2) 15(3) M1+E2
{910,375,328,348} 323(M1),682(E2) 15(3)
78 {359}{287} 348(M1) 0.2(4) 0.4 1.3 4.2 17.1 62.5 E1
85 {292}{1022} 998(M1) 0.1(3) 0.3 1.0 3.0 11.8 40.3 E1
117 {170}{998,715,391} 292(E2) 0.47(17) 0.12 0.41 0.95 3.60 8.48 M1
170 {117}{998,715,391} 292(E2) 0.08(12) 0.04 0.14 0.26 0.94 1.54 E1 or M1
287 {998}{391} 292(E2) 0.02(5) 0.01 0.04 0.04 0.16 0.17 E1,M1 or E2
123Sb 128 {1089}{956} 442(E2) 0.85(15) 0.10 0.32 0.71 2.59 5.57 E2
{1089}{442} 956(E2) 0.75(14) E2
{956}{442} 1089(E2) 0.69(13) E2
between the Ex=2551.2 and 2142.0 keV levels. However, the energy of the γ ray does not
match the difference between the states; a discrepancy of 8.3 keV remains. This provides
evidence for another state at an energy of either Ex=2542.9 or 2150.3 keV. Since it is less
likely that an 8.3 keV transition of any multipolarity would compete with the 117 or 409
keV transitions (from the Ex=2542.9 keV state), a tentative state of energy, Ex=2150.3 keV
is, therefore, assigned to 121Sb.
In addition to the microsecond isomer, the Ex=2434.3 keV, I
pi=19
2
−
state was observed
to be isomeric. Figure 2(f) provides the time difference between 287 and 292 keV γ rays.
A folded Gaussian plus exponential fit of these data indicates a half-life of T1/2=8.5(5)
ns. The transition strengths for the 78 keV (E1) and 292 keV (E2) transitions are
B(E1)=(4.1±0.9)×10−6 and B(E2)=0.78(10) W.u., respectively. These are comparable
with the transition strengths of the E1 and E2 γ rays decaying from the Ipi=19
2
−
, Ex=2553.6
keV state in 119Sb (B(E1) = 7.3× 10−7 and B(E2)=0.026 W.u., respectively [23]).
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FIG. 3: (color online) Representative angular correlation measurements for transitions in 121Sb.
Information on the γ-γ coincidences (Ex, Ey) involved is provided in each case by {x}{y}.
TABLE III: Angular correlations for pairs of transitions γ1 and γ2 with mixing ratios δ1 and δ2,
respectively. A22 and A44 coefficients are calculated using the prescription of Ref. [19]. These
calculated values are compared with experimental ones obtained from data fitted to Equ. 1.
Nucleus Initial γ2 J
pi
i →J
pi
f δ2 γ1 Assignment (γ1) A22 A44 δ1
State (keV) (keV)
121Sb 11/2− 1145 9/2+ →5/2+ 0 282 11/2− →9/2+ -0.08(5) -0.01(7) 0.01+0.19
−0.14
15/2− 391 11/2− →9/2+ 0 715 15/2− →11/2− -0.12(3) 0.02(4) -0.17+0.19
−0.08
19/2− 715 15/2− →11/2− 0 292 19/2− →15/2− 0.097(19) 0.05(3) 0.02+0.09
−0.07
21/2+ 1145 9/2+ →5/2+ 0 287 21/2+ →19/2− -0.11(5) -0.04(7) 0.03(14)
715 15/2− →11/2− 0 -0.048(19) 0.01(3) -0.04(6)
292 19/2− →15/2− 0 -0.099(13) 0.03(2) 0.05(4)
123Sb 15/2+ 1089 11/2+ →7/2+ 0 956 15/2+ →11/2+ 0.15(4) 0.00(6) -0.10+0.17
−0.25
19/2+ 1089 11/2+ →7/2+ 0 442 19/2+ →15/2+ 0.13(4) -0.07(6) -0.08+0.14
−0.18
23/2+ 1089 11/2+ →7/2+ 0 128 23/2+ →19/2+ 0.14(5) -0.00(6) -0.06+0.18
−0.21
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TABLE IV: A summary of γ-ray energies, Eγ in
123Sb between states with spin and parity, Jpii and
Jpif , and energy, Ei and Ef . Gamma-ray intensities for transitions on the right and left side of Fig.
4 are given by Iγ(R) and Iγ(L) from the long-pulsing and short-pulsing experiments, respectively.
Eγ (keV) Ei (keV) Ef (keV) J
pi
i J
pi
f Iγ(R) Iγ(L)
127.8(3) 2614.1 2486.3 23/2+ 19/2+ 60(5) -
160.3(5) 160.1 0.0 5/2+ 7/2+ - 25(3)
201.0(4) 2239.1 2038.2 (19/2−) (15/2−) - 104(18)
381.7(4) 2038.2 1656.5 (15/2−) (11/2−) - 114(15)
396.0(5) 1656.5 1260.7 (11/2−) 9/2+ - 29(3)
441.9(3) 2486.3 2044.3 19/2+ 15/2+ 109(11) -
567.7(4) 1656.5 1088.6 (11/2−) 11/2+ - 14(3)
626.1(4) 1656.5 1030.3 (11/2−) 9/2+ - 94(7)
955.8(3) 2044.3 1088.6 15/2+ 11/2+ 112(9) -
1030.3(4) 1030.3 0.0 9/2+ 7/2+ - 100(8)
1088.6(3) 1088.6 0.0 11/2+ 7/2+ 100 -
1100.9(5) 1260.7 160.1 9/2+ 5/2+ - 18(4)
1260.9(7) 1260.7 0.0 9/2+ 7/2+ - 7(2)
B. 123Sb
The decay of two isomers has been observed for the first time. Gamma rays from the
decay of states in 123Sb were identified in projections of double coincidence gates placed on
γ rays first reported in Ref. [11]. Figure 4 illustrates the partial level scheme of 123Sb from
the present experiments; Table IV provides a summary of all transitions observed.
1. I=(27/2) h¯ Isomer
The double gated coincidence spectrum in the top panel of Fig. 5(a) shows the 1089,
956, 442 and 128 keV transitions observed from the decay of a microsecond isomer. Figure
5(b) provides a time spectrum of transitions from the isomeric decay in the long-pulsing
experiment; the half-life is measured to be T1/2=52(3) µs.
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FIG. 4: Level scheme for transitions in 123Sb observed in this experiment from the decay of
T1/2=190(30) ns and 52(3) µs isomers.
Intensity balance measurements (summarized in Table II) were performed for the 128
keV transition, providing strong evidence for E2 multipolarity. Gamma-gamma angular
correlation measurements between the 1089 and 956, 442 and 128 keV transitions are pre-
sented in Fig. 6, and summarized in Table III. The correlation between the 1089 and 128
keV transitions indicated either pure quadrupole (probably E2) or mixed dipole/quadrupole
(probably M1/E2) character for the 1089 keV γ ray, which is consistent with the evalua-
tion in Ref. [24]. Angular correlations summarized in Table III indicate pure quadrupole
or mixed dipole/quadrupole character for the 442 and 956 keV transitions. In addition to
angular correlation measurements, the non-observation of transitions linking the Ex=2044.4,
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FIG. 5: (color online) The spectrum in panel (a) illustrates γ rays from the decay of a microsecond
isomer in 123Sb. The time evolution of its decay is given in spectrum (b). From double gates on
all transitions from its decay, the half-life is measured to be T1/2=52(3) µs. Double-gated spectra
in panels (c) and (d) show γ rays from the decay of an isomer identified in the short-pulsing
experiment. The time evolution of its decay is provided in panel (e); the half-life is measured
to be T1/2=190(30) ns using a folded Gaussian plus exponential fit. Spectrum (f) illustrates the
γ-ray time difference between the 201 keV transition and those from the decay of states below the
isomeric Ex=2038.2 keV state; the half-life is measured to be T1/2=37(4) ns using a folded Gaussian
plus exponential fit. The dashed line is the prompt Gaussian used in the fit (FWHM=30(3) ns).
Gates for each spectrum are provided in parenthesis ({x}{y}).
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FIG. 6: (color online) Representative angular correlation measurements for transitions in 123Sb.
Information on the γ-γ coincidences (Ex, Ey) involved is provided in each case by {x}{y}.
2486.3 and 2614.1 keV states to the (negative-parity) states on the left side of Fig. 4, in-
dicated differences in angular momenta of ∆I≥ 2. On the basis of these arguments, the
Ex=1088.6, 2044.4, 2486.3 and 2614.1 keV states are assigned spins and parities of I
pi=11
2
+
,
15
2
+
, 19
2
+
and 23
2
+
, respectively.
The T1/2=52(3) µs half-life appears to derive from the Ex=2614.1 keV level, decay-
ing via the 128 keV transition. This corresponds to a single particle transition rate of
B(E2)=5.3(1)×10−3 W.u. This is approximately five times smaller than that of the Ipi=21
2
−
state in 121Sb, and ten times smaller than the Ipi=21
2
−
state in 119Sb [12]. In regard to
the discrepancy in transition strength, it is noted that the T1/2=52 µs half-life may derive
from a state higher in energy than the Ex=2614.0 keV level, decaying via an unobserved,
low-energy, highly converted transition.
2. Ipi=(19/2−) and (15/2−) Isomers
Transitions from the decay of the Ex=2239.1 keV isomeric state (initially reported in
Ref. [11] with T1/2=110(10) ns) were observed in the short-pulsing experiment. The double-
gated coincidence spectra in Figs. 5(c) and (d) show γ-ray decays from this isomer, which
are summarized in Table IV. Figure 5(e) illustrates a time spectrum, double gated on
15
delayed transitions from the isomeric Ex=2239.1 keV level; relative to the accelerator RF
signal, the half-life of the decay is measured as T1/2=190(30) ns. With regard to the large
discrepancy between the value observed in this work and that presented in Ref. [11], timing
calibration was extensively checked with the accurate measurement of other, previously
observed, isomeric states.
The Ex=2038.1 keV state was also observed to be isomeric; Fig. 5(f) provides a time
difference spectrum between the 201 keV transition, and those from the decay of states
below the isomer. The half-life of the state was measured to be T1/2=37(4) ns using a folded
Gaussian plus exponential fit.
Due to insufficient statistics, it was not possible to assign spins and parities to the states
populated from the decay of the T1/2=190 ns isomer, using angular correlations. Tentative
spins and parities are, therefore, adopted from the systematic arguments proposed in Ref.
[11].
Transition strengths for the 201 and 382 keV γ rays are B(E2)=0.22(2) and 0.048(2)
W.u., respectively, which are consistent with those of other E2 transitions observed locally
[12, 25].
V. DISCUSSION
When the levels schemes for 121,123Sb are compared (Figs. 1 and 4, respectively), one
observes a number of differences in the distribution and decay of nuclear states. This is due
to a combination of the change in quantum number for the respective ground states between
121Sb and 123Sb, and the fact that the rotational band built on the pi 9
2
[404] intruder state
(observed in 113−121Sb [5–8]) becomes non-yrast in odd-A antimony nuclei with 123≤A≤131.
Despite these differences, the multi-particle level structure of these nuclei is well described
by considering neutron states in neighboring tin nuclei coupled to the extra proton [11, 12].
Figure 7 illustrates a systematic correlation between the yrast states in 121,123Sb and
their tin isotones, 120,122Sn. The Ipi=10+ state, present in even-tin nuclei from 116≤A≤130,
is interpreted as a pure ν
(
h 11
2
)2
excitation [12, 25]. Similarly, the Ipi=25
2
+
levels in 117,119Sb
are associated with a d 5
2
proton maximally aligned to the Ipi=10+ states in the neighboring
isotones 116,118Sn [12]. The Ipi=
(
25
2
+
)
spin/parity of the isomeric state in 121Sb is systemat-
ically consistent with the spin of the isomeric states in 117,119Sb. As such, the configuration
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FIG. 7: Comparison of states in 121,123Sb with those in isotonic tin neighbors, 120,122Sn. Levels
connected with dashed lines are interpreted as states with the same leading neutron configurations.
of the isomer is adopted tentatively as pid 5
2
⊗ ν
(
h 11
2
)2
. However, it is noted that since the
energy between the d 5
2
and g 7
2
proton orbitals is so small (∼50 keV [1]), there is likely to be
a significant pig 7
2
admixture in the wavefunction of these states.
It is important to note a limitation with this assessment, based upon energy/spin system-
atics in nearby Sn isotones, since there are large discrepancies between the transition rates
in these nuclei: the 197 keV transition in 120Sn (from the Ipi=7− state) is approximately 200
times faster than the analogue E2 transition in 121Sb (from the Ipi=19
2
−
state), whilst the
163 keV transition in 122Sn (from the Ipi=7− state) is approximately 15 times faster than the
201 keV transition (from the Ipi=(19
2
−
) state) in 123Sb. On the basis of the current data we
are unable to identify the physical origin of such differences; the discrepancies may reflect
significant differences in wavefunction between these states. Given the paucity of an exact
theoretical description for these states, such as that provided by shell-model calculations
with a physical model space, such assignments should be made with caution. Nevertheless,
the correlation between the energies/spins of states in neighboring Sn and Sb nuclei is strik-
ing, for which, in the absence of such theoretical examination, it may seem sensible to draw
these comparisons.
Shell-model calculations have been performed for 127,129,131Sb and 126,128,130Sn using the
model space and Hamiltonian described in Ref. [29], with the shell-model codes Oxbash
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[30] and Antoine [31]. It was not possible to perform calculations for lighter antimony
nuclides without severely truncating the model space. Experimental level energies are well
reproduced by shell-model calculations, in most cases to within 200 keV. Figure 8 provides a
comparison between empirical and calculated energies for the first-excited Ipi=23
2
+
, 19
2
−
and
15
2
−
states. A noteworthy feature of this plot is the indication of a Ipi=23
2
+
level in 127Sb that
has not been observed experimentally, due probably to the paucity of spectroscopic data for
this neutron-rich nucleus. The Ipi=23
2
+
isomer in 123Sb is interpreted as the isotopic analogue
of the states in 127,129,131Sb. The orbital occupation numbers for each of these calculated
states is provided in Table V; a leading pig 7
2
⊗ ν
(
h 11
2
)
−2
configuration is associated with the
Ipi=23
2
+
states.
The configurations of the 5− and 7− levels in even-A tin nuclei involve a neutron in the
18
TABLE V: Wavefunction occupation numbers, taken from shell-model calculations discussed in
the text.
Occupation Numbers
Nucleus Ipi νd 5
2
νg 7
2
νd 3
2
νs 1
2
νh 11
2
pig 7
2
pid 5
2
130Sn 10+ 8.00 6.00 4.00 2.00 10.00
7− 7.99 5.99 3.02 2.00 11.00
5− 7.99 5.98 3.42 1.60 11.00
131Sb 23
2
+
8.00 6.00 4.00 2.00 10.00 0.98 0.01
19
2
−
7.98 5.98 3.05 2.00 11.00 0.99 0.01
15
2
−
7.99 5.99 3.19 1.84 11.00 0.99 0.00
128Sn 10+ 7.87 5.83 3.05 1.74 9.51
7− 7.87 5.83 2.79 1.76 9.76
5− 7.87 5.80 2.85 1.50 9.99
129Sb 23
2
+
7.87 5.82 2.86 1.67 9.78 0.98 0.01
19
2
−
7.85 5.80 2.68 1.64 10.04 0.98 0.01
15
2
−
7.85 5.77 2.59 1.36 10.43 0.98 0.01
126Sn 10+ 7.72 5.66 2.59 1.53 8.50
7− 7.71 5.66 2.40 1.48 8.75
5− 7.71 5.63 2.39 1.32 8.96
127Sb 23
2
+
7.69 5.62 2.47 1.43 8.80 0.98 0.01
19
2
−
7.68 5.63 2.22 1.39 9.08 0.98 0.01
15
2
−
7.69 5.61 2.29 1.18 9.23 0.97 0.01
intruder h 11
2
orbital, coupled to an even parity orbital from the N=4 harmonic oscillator
shell, with leading neutron configurations of ν(h11/2 ⊗ d3/2) and ν(h11/2 ⊗ s1/2), respectively
[28]. The Ipi=15
2
−
and 17
2
−
states in odd antimony nuclei with 113≤A≤131 are associated
with these configurations, coupled to a d 5
2
or g 7
2
proton [11, 12]. Orbital occupation numbers
from shell-model calculations (provided in Table V) are consistent with the configuration
assignments for these states.
The top panel of Fig. 9 shows the energy of the Ipi=5− and 7− states in even-A tin nuclei
19
with increasing neutron excess, in comparison to the Ipi=15
2
−
and 19
2
−
in odd-A antimony
nuclei. One can see that the excitation energy of these states steadily decreases with the
addition of neutrons. There also appears to be a bifurcation of the antimony and tin state
energies, with the antimony states becoming more bound with increasing neutron excess,
relative to the corresponding tin states. The bottom panel of Fig. 9 plots the difference
in energy between negative-parity states in antimony and tin with the same neutron con-
figuration. A noteworthy feature of this picture is the asymptotic behavior of both plots,
which approach a limit of ∼250 keV (excluding the N=80 data point for the 15
2
−
/5− energy
difference).
The difference in energy between the tin and antimony negative-parity states must derive
from the addition of the additional proton, i.e., from the neutron-proton residual interaction.
According to Fig. 9, the Ipi=15
2
−
and 19
2
−
states in odd-antimony nuclei are lowered by up to
E∼250 keV. The occupation numbers for the wavefunctions of the Ipi=15
2
−
and 19
2
−
levels in
127,129,131Sb, from Table V, illustrate the dominance of the pig 7
2
orbital. The monopole energy
shift of the pig 7
2
level has been interpreted as a signature of a strong tensor force between
the h 11
2
neutron and g 7
2
proton orbitals with increasing neutron excess in the νh 11
2
sub-
shell [4]. The systematic (∼250 keV) energy difference between states in tin and antimony,
illustrated in the bottom panel of Fig. 9, is interpreted here as the manifestation of this
residual interaction between the g 7
2
proton and h 11
2
neutron. In Fig. 9 the energy difference
is reduced to almost zero as neutron number approaches N=68, the inversion point of the
g 7
2
and d 5
2
protons. At this point, the d 5
2
proton would be expected to have a significant
contribution to the wavefunction of the Ipi=15
2
−
and 19
2
−
states. The energy difference here
thus illustrates a reduction in the residual interaction between the νh 11
2
and pid 5
2
particles
indicated in Ref. [4].
VI. SUMMARY
In conclusion, high-spin states have been identified in the stable nuclei, 121,123Sb follow-
ing fusion-fission reactions between 178Hf and 27Al. Multi-dimensional γ-ray coincidence
techniques have been used to identify a number of previously unreported states, including
four isomers. Angular correlation measurements have been used with intensity balance tech-
niques, to identify spins and parities of states in these nuclei. The states observed in these
20
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2
−
(Sb) levels.
nuclei are interpreted as multi-particle states formed from the coupling of a d 5
2
or g 7
2
proton
with νh 11
2
, νs 1
2
and νd 3
2
excitations, observed in neighboring tin nuclei.
The energies of negative-parity states have been compared in tin and antimony nuclei.
The difference in these energies has been interpreted as the manifestation of the proton-
neutron residual interaction, recently associated with a strong tensor force.
Shell-model calculations have been performed for 126,128,130Sn and 127,129,131Sb. The cal-
21
culated excitation energies of states in these nuclei compare favorably with those observed
empirically, and predict the existence of a low-lying Ipi=23
2
+
state in 127Sb. Using systematic
arguments, a Ipi=23
2
+
state is also expected in 125Sb, as the isotopic analogue of Ipi=23
2
+
states in odd-A antimony nuclei from 123≤A≤131.
Shell-model calculations provide an accurate description for excited states around the
“doubly magic” 132Sn core. However, as the number of valence particles/holes increases, the
resources required to perform such calculations increases exponentially. The spectroscopic
results obtained in this work have contributed to the data available for Z=51 nuclei between
stability and the closed-shell at N=82, and provide an empirical benchmark for which to
test the development of these theoretical descriptions.
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